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Fungal- host diversity among mycoheterotrophic plants 
increases proportionally to their fungal- host overlap





















carbon	 from	 mycorrhizal	 fungi.	 This	 process	 results	 in	 an	 antagonistic	 interaction	
	between	mycoheterotrophic	plants	and	their	fungal	hosts.	Importantly,	the		fungal-	host	
diversity	 available	 for	 plants	 is	 restricted	 as	 mycoheterotrophic	 interactions	 often	
	involve	narrow	lineages	of	fungal	hosts.	Unfortunately,	little	is	known	whether	fungal-	









from	the	same	 location.	These	 findings	suggest	 that	 species	coexistence	cannot	be	
fully	understood	without	attention	to	the	two	sides	of	ecological	interactions.






take	of	essential	 resources	 for	plant	metabolism,	 such	as	water	 and	
soil	minerals	(Raven,	Evert,	&	Eichhorn,	1999).	Generally,	in	exchange,	
plants	 transfer	 photosynthetically	 fixed	 carbon	 to	 their	 mycorrhizal	
partners	(Smith	&	Read,	2008).	Occasionally,	however,	plants	do	not	
give	back	carbon,	but	instead	obtain	it	from	the	mycorrhizal	fungi	as	
replacement	 for	 photosynthesis	 (Leake,	 1994;	 Merckx,	 Bidartondo,	
&	Hynson,	2009).	This	results	in	an	antagonistic	interaction	between	
plants	and	their	fungal	hosts.	Specifically,	these	interactions	are	called	
mycoheterotrophic	 (MH)	 interactions	 and	 can	 occur	 in	 a	 single	 de-
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(Merckx,	2013).	In	general,	the	fungal-	host	diversity	available	for	these	
plants	is	restricted	as	MH	interactions	often	involve	more	narrow	lin-
eages	 of	 mycorrhizal	 fungi	 than	 non-	MH	 interactions	 (Bidartondo	
et	al.,	 2002).	 Unfortunately,	 little	 is	 known	whether	 fungal-	host	 di-
versity	 may	 be	 additionally	 modulated	 by	 plant–plant	 interactions	
through	 shared	hosts.	Yet,	 this	may	have	 important	 implications	 for	
plant	competition	and	coexistence	(Bever	et	al.,	2010).
Recent	studies	have	shown	that	the	diversity	of	mycorrhizal	fungi	
is	 strongly	 associated	 with	 plant	 community	 composition	 (Davison,	
Öpik,	 Daniell,	 Moora,	 &	 Zobel,	 2011;	 Martínez-	García,	 Richardson,	
Tylianakis,	Peltzer,	&	Dickie,	2015;	Peay,	Baraloto,	&	Fine,	2013)	and	
habitat	conditions	(Hazard	et	al.,	2013).	For	instance,	in	the	case	of	MH	










niche	width	 is	 small.	 Similarly,	 the	chances	of	 co-	occurrence	among	














corrhizal	 interaction	 involves	mycoheterotrophic	 plants.	 In	 addition,	
these	plants	are	associated	with	arbuscular	mycorrhizal	fungi	(phylum	






In	particular,	we	 study	how	 the	phylogenetic	diversity	of	 arbuscular	
mycorrhizal	 hosts	varies	 among	 individual	MH	plants,	 and	 how	 this	
diversity	is	modulated	and	shared	among	groups	of	MH	plants.
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2  | METHODS
2.1 | Sampling sites and mycoheterotrophic species
The	geographic	 range	of	MH	plants	associated	with	arbuscular	my-





in	 these	 two	 biomes	 in	 French	Guiana	 and	Brazil,	 respectively	 (see	
Fig.	 S3).	The	 sampled	 sites	 in	French	Guiana	were	 low	 land	coastal	
plain	forests	(Guitet,	Brunaux,	Granville,	Gonzalez,	&	Richard-	Hansen,	
2015),	and	in	Brazil	were	also	low	lands	in	Ombrophilous	dense	coastal	
forests	 (Veloso,	Rangel	Filho,	&	Lima,	1991).	Due	 to	 the	ephemeral	
nature	of	MH	plants,	 it	 is	only	possible	 to	collect	 them	during	 their	
flowering	period.	Most	MH	species	flower	after	the	rainy	season,	from	
July	until	November.	All	collections	were	made	during	this	period.
We	visited	15	 localities,	10	of	which	 in	 the	Amazon	 forests	and	
five	 in	 the	Atlantic	 forests.	We	considered	 all	 the	 individuals	of	 the	
same	species	found	within	4	×	4	m	to	be	part	of	the	same	population.	
Populations	 of	MH	 species	were	 separated	 from	 each	 other	with	 a	
minimum	of	30	m.	In	each	population,	we	collected	at	least	one	indi-
vidual	and	a	maximum	of	ten	individuals	per	species.	We	focused	on	









2.2 | Fungal- host diversity in single 
mycoheterotrophic plants
To	 study	 fungal-	host	 patterns,	 first	 we	 investigated	 the	 arbuscular	
mycorrhizal	 fungal-	host	 diversity	 that	 can	 be	 potentially	 associated	
with	single	MH	plants.	This	 information	was	obtained	through	DNA	
sequencing	of	 roots	of	 arbuscular	mycorrhizal	MH	plants.	 For	 each	
of	 the	 140	 specimens,	 immediately	 after	 collection,	 root	 samples	
were	washed	with	distilled	water	 and	 stored	 in	2%	CTAB	buffer	 at	





region	 using	 the	 primers	 fITS7	 (5′-	GTGARTCATCGAATCTTTG-	3′)	
(Ihrmark	 et	al.,	 2012)	 and	 ITS4	 (5′-	TCCTCCGCTTATTGATATGC-	3′)	












et	al.,	 2013).	 For	 Triuridaceae,	 we	 included	 newly	 sequenced	 data	
for	 Soridium spruceanum	 (GenBank	 accession	 number	 KX756649).	
We	 combined	 the	 resulting	 trees	 based	 on	 divergence	 ages	 taken	
from	 Magallón,	 Gómez-	Acevedo,	 Sánchez-	Reyes,	 and	 Hernández-	
Hernández	(2015).	Only	the	20	taxa	from	this	study	were	kept	in	the	
phylogeny	shown	in	Fig.	S2.
To	 generate	 the	 host	 phylogenetic	 tree,	 we	 used	 an	 alignment	
with	 the	 138	 Glomeromycota	 fungal	 OTUs	 with	 MAFFT	 7.017	
(Katoh,	 Misawa,	 Kuma,	 &	 Miyata,	 2002)	 implemented	 in	 Geneious	
Pro	6.1.4	(Biomatters,	Auckland,	New	Zealand).	Reference	sequences	
of	the	accepted	genera	in	the	phylum	were	added	as	a	backbone	to	
the	 tree	 to	 support	 and	better	deduce	 the	phylogenetic	position	of	
each	 OTU	 (Krüger,	 Krüger,	 Walker,	 Stockinger,	 &	 Schüßler,	 2012;	
Öpik	et	al.,	2010).	We	reconstructed	a	maximum-	likelihood	tree	using	
the	 GTR+I+G	 substitution	model	 as	 selected	with	 jModeltest	 2.3.1	
(Darriba,	Taboada,	Doallo,	&	Posada,	2012)	under	the	Akaike	informa-
tion	 criterion.	The	 resulting	highest-	likelihood	 tree	was	 transformed	
into	an	ultra-	metric	tree	using	compute.brlen	and	vcv	commands	in	the	





the	Mantel	 test	 correlation	 between	 the	 phylogenetic	 distance	ma-
trix	between	plants	and	the	dissimilarity	matrix	between	the	number	
of	fungal	hosts	per	plant.	The	phylogenetic	distances	were	extracted	




ber	of	 fungal	hosts	was	 investigated	among	MH	plants	 species	 that	
belong	to	the	same	location.




is	 the	 same	 as	 above,	whereas	 the	 dissimilarity	matrices	 here	were	
calculated	 using	 two	 different	 measures.	 The	 Bray–Curtis	 measure	
1	−	(2Cij)/(di	+	dj),	where	Cij	 is	 the	 number	 of	 shared	 hosts	 between	
plant	 i 	and	 j,	and	di	and	dj	are	the	number	of	fungal	hosts	associated	
with	MH	plant	 i 	and	 j,	respectively.	Note	that	the	Bray–Curtis	mea-
sure	 corresponds	 to	 the	 number	 of	 shared	 fungal	 hosts	 relative	 to	
the	total	number	of	fungal	hosts.	The	second	measure	we	used	is	the	
overlap	measure	Cij∕min(di,dj),	where	the	parameters	are	the	same	as	









For	 each	MH	plant,	 the	 observed	 fungal-	host	 diversity	was	 cal-
culated	using	the	phylogenetic	diversity	 (PD)	of	 the	observed	hosts.	
Phylogenetic	 diversity	 was	 calculated	 by	 summing	 up	 the	 branch	



































Similarly,	 to	 investigate	 fungal-	host	 overlap	 among	 MH	 plants,	 we	





plant	 i 	and	 j	that	belong	to	a	given	community/group,	min(di,dj)	refers	











observed	 patterns	 of	 fungal	 hosts	 in	 MH	 plants,	 we	 compared	
the	scaled	 PD	 and	 scaled	 overlap	 between	MH	plants	 belonging	 to	









3.1 | Fungal- host diversity in single 
mycoheterotrophic plants
We	found	that	the	number	of	fungal	hosts	in	each	of	the	20	MH	plant	
species	 varies	 from	 2	 to	 42	 (see	 Figure	2a).	 Particularly,	 we	 found	
no	phylogenetic	signal	on	the	number	of	fungal	hosts	among	plants	
(Mantel	test:	r=−.050,	p= .766,	df=19)	nor	on	the	fungal	hosts	shared	
among	 plants	 (Mantel	 tests:	 Bray–Curtis	 r=−.035,	p= .682;	 overlap	
r= .047,	p= .245; df=19).	Looking	at	the	MH	plants	that	belong	to	the	
same	location	(Fig.	S1),	we	found	no	phylogenetic	signal	on	the	num-
ber	of	fungal	hosts	among	plants	(Mantel	test:	r= .17,	p= .375,	df=3 
for	 Laussat;	 r=−.20,	p= .650,	df=4	 for	 Elie;	r=−.21,	p= .717,	df=5 
for	Singes;	r= .37,	p= .089,	df=5	for	Virginie)	nor	on	the	fungal	hosts	
shared	among	plants	(Mantel	test:	Bray–Curtis	r= .03,	p= .583; over-
lap	r= .03,	p= .512; df=3	 for	 Laussat;	Bray–Curtis	r=−.54,	p= .983; 
overlap	r= .34,	p= .150; df=4	for	Elie;	Bray–Curtis	r=−.22,	p= .794; 






diversity	 that	can	be	expected	by	chance	 in	a	 single	MH	plant	with	
the	 same	number	of	 fungal	hosts.	The	majority	of	plants	 (14	of	20)	
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Fungal host overlap (scaled ov) 
y = 0.506x + 0.200
Observed communities Generated communities(a) (b)
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artificially	 generated	 groups	 (Pearson’s	 correlation:	r= .497,	p= .001,	 
df	=	21,680).	 This	 positive	 relationship	 does	 not	 depend	 on	 group	
size	(Pearson’s	correlation:	r= .377,	df=191,	p= .001	for	two	species,	
r= .487,	 df =	1,138,	 p= .001	 for	 three	 species,	 r= .493,	 df	=	4,843,	
p= .001	for	four	species,	r= .478,	df	=	15,502,	p= .001	for	five	species).
The	results	above	are	also	qualitatively	the	same	if	scaled	PD	and	
scaled	overlap	values	are	replaced	by	their	raw	values	while	controlling	
for	 the	 total	number	of	 fungal	hosts.	Because	 the	number	of	 speci-
mens	and	the	OTU	richness	per	MH	species	are	variable	among	sam-











typically	 the	 former	 group	 displays	 higher	 levels	 of	 both	 scaled	 PD	
and	scaled	overlap	across	the	different	group	sizes	(see	Tables	1	and	






in	 relation	 to	 the	 fungal	 diversity	 associated	 with	 the	 surround-
ing	green	plants	 (Bidartondo,	Bruns,	Michael,	Sérgio,	&	Read,	2003;	
Bidartondo	 et	al.,	 2002;	 Bougoure,	 Ludwig,	 Brundrett,	 &	 Grierson,	
2009;	 Cullings,	 Szaro,	 &	 Bruns,	 1996;	 Roy,	 Whatthana,	 Richard,	
Vessabutr,	&	Selosse,	2009;	Yamato	et	al.,	2011).	However,	 several	
MH	species	present	vast	geographic	distributions	despite	being	locally	
rare.	 Therefore,	 these	 surrounding	 plants	may	 not	 be	 the	 exclusive	
factors	determining	fungal-	host	diversity	in	MH	plants.	Indeed,	many	
studies	have	 reported	 the	occurrence	of	different	species	of	arbus-





of	 MH	 plants	 with	 each	 other	 as	 possible	 drivers	 of	 fungal-	host	
diversity.	Because	many	unmeasured	 factors	can	 influence	MH	 in-
teractions,	we	opted	 to	compare	 the	observed	patterns	against	all	
the	 possible	 fungal-	host	 combinations	 (what	 we	 called	 artificially	
generated	 groups	 of	 plants).	 We	 have	 found	 that	 individual	 MH	
plants	have	a	tendency	to	exploit	more	distantly	related	fungi	than	




specificity	 toward	 their	 fungal	 hosts	 (e.g.	 Bidartondo	 et	al.	 2002;	
Gomes,	Aguirre-	Gutiérrez,	 Bidartondo,	 and	Merckx	 2017).	 For	 ex-
ample,	 in	Afrothismia,	five	closely	related	MH	plants	were	found	to	
specialize	 in	 five	 closely	 related	 lineages	 of	 Glomeromycota	 fungi	
(Merckx	&	Bidartondo,	2008).	 In	 contrast,	 in	Monotropoideae,	 the	
five	MH	species	in	this	clade	associate	with	five	different	distantly	
related	 Basidiomycota	 fungi,	 but	 each	within	 the	 same	 fungal	 lin-
eage	(Bidartondo	&	Bruns,	2005).	Either	way,	and	despite	the	pro-
cesses	leading	to	this	extreme	level	of	fungal	specificity,	it	has	been	
suggested	 that	 MH	 plants	 adapt	 to	 the	 suitable	 fungal	 partners	








Mean in same 
location
Mean in different 
location p- value 95% CI
Two	species 0.421 0.297 .0012 0.05,	0.20
Three	species 0.412 0.327 .0002 0.04,	0.13
Four	species 0.479 0.394 .0009 0.04,	0.39









Mean in same 
location
Mean in different 
location p- value 95% CI
Two	species 0.358 0.220 6.6	e-	6 0.07,	0.21
Three	species 0.493 0.362 3.2	e-	8 0.09,	0.17
Four	species 0.512 0.404 2.1	e-	8 0.08,	0.14
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Levins,	 1968;	 Tilman,	 Wedin,	 &	 Knops,	 1996).	 Mycoheterotrophic	
plants	 require	 established	mycorrhizal	 networks	 to	 persist	 (van	 der	
Heijden,	 Martin,	 Selosse,	 &	 Sanders,	 2015;	 Sachs	 &	 Simms,	 2006).	
Although	 each	 species	 tend	 to	 increase	 the	 phylogenetic	 diversity	
of	their	fungal	hosts,	 it	 is	still	a	 limited	fraction	of	the	total	diversity	
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